Specific heat, thermal conductivity, thermal diffusivity, and density of coffee extract were experimentally determined in the range of 0.49 to 0.90 (wet basis) water content and at temperatures varying from 30 to 82°C. Thermal conductivity and specific heat were measured by means of the same apparatus-a cell constituted of two concentric cylinders -operating at steady and unsteady state, respectively. The thermal diffusivity was measured by the well-known Dickerson's method and density was determined by picnometry. The results obtained were used to derive mathematical models for predicting these properties as a function of concentration and temperature.
INTRODUCTION
The world-wide coffee crop production estimate for 1998/99 are of about 107.5 million bags, and Brazil should take a 31.5% share, making it the major producer and major exporter. The major producer of soluble coffee in the world is the United States with 30%, followed by Brazil with 20%. Nevertheless, Brazil is the only large producer directed to the foreign market and is responsible for 60% of the soluble coffee sold internationally (Cia. Iguacu de Cafe Soliivel, 1999) .
Knowledge of thermophysical properties of the coffee extract over a wide range of concentrations and temperatures is of primary importance to the soluble coffee industry, as it makes use of a variety of unit operations such as pumping, heating, cooling, and evaporation, which must be appropriately designed and controlled.
Some literature are available on determination of specific heat and thermal conductivity of different fluid food products such as orange juice (Telis-Romero et al., 1998; Moresi and Spinosi, 1980) , reconstituted milk (Reddy and Datta, 1994) , apple juice (Constenla et al., 1989) , and tomato juice (Choi and Okos, 1983) . Considering coffee products, the only work that reports thermophysical properties was published by Singh et al. (1997) , but it is related to coffee powders.
Extensive reviews of existing thermophysical properties measurement methods of foods has been carried out by Reidy and Rippen (1971) , Mohsenin (1980 ), Singh (1982 , and others. Sweat (1995) recommends methods and strategies that can be employed to measure thermal properties of food products.
Specific heat measurements are often made by means of a calorimeter (Riedel, 1951, Hwang and Hayakawa, 1979) , which is a simple technique although requiring a careful calibration as a result of the heat capacity of the apparatus. The differential scanning calorimeter is the best alternative for experimentally determining the specific heat, but has the disadvantage of being expensive (Constenla et al., 1989; Sweat, 1995) .
Most of works on thermal conductivity measurements of food products are concerned with solid materials (Donsi et al, 1996; Lopez-Ramos et al., 1993; Pham and Willix, 1989) . Many measurement techniques have been described, such as the guarded hot plate (ASTM C177 American National Standard Institute, 1970) or the line heat source probe (Sweat and Haugh, 1974; Choi and Okos, 1983) . In liquids, the main source of experimental errors is convection during measurements. Sweat (1995) recommends the addition of 0.5% agar to water when measuring its thermal conductivity with a line heat source probe. For oils and water at high temperatures, about 1% by weight of fiberglass "wool" can be added to suppress convection. In order to minimize uncertainties due to convection, Bellet et al. (1975) developed an apparatus based on a cell constituted of two coaxial cylinders, separated by a narrow space that is filled with the fluid sample. According to these authors, convection can be avoided if the space between the cylinders is sufficiently small, and the difference between wall temperatures is not very large. The thermal conductivity is obtained from the equations describing heat transfer in steady state conditions. Mathematical modeling of unsteady state operation allows for evaluation of the specific heat of the fluid employing the same device, which constitutes the main advantage of this method.
Thermal diffusivity can be estimated indirectly from the thermal conductivity divided by the product of specific heat and mass density. This method of evaluation has the inconvenient of adding up the experimental errors involved in each one of these quantities. Alternatively, thermal diffusivity can be measured directly using a transient heating technique developed by Dickerson (1965) .
The purpose of the present work was to measure density, specific heat, thermal conductivity and thermal diffusivity of coffee extract as a function of temperature and water content and to develop correlations for predicting these properties under different conditions.
MATERIALS
All the experimental measurements were made with samples prepared from the same batch of concentrated coffee extract (51°Brix) supplied by COCAM (Catanduva, Sao Paulo, Brazil) and stored at -18°C prior to its use. The moisture content of the initial batch was determined in a vacuum oven (48 hrs, 60°C), resulting in 47.6% of moisture (wet basis). Samples with different water contents were obtained by diluting the concentrated coffee extract with distilled water.
METHODS

Measurement of Density
Density of coffee extract at different temperatures and concentrations was determined in triplicate by weighing, in an analytical balance, the coffee extract contained in a standard volumetric pycnometer (Constenla et al., 1989) . Sample temperature was varied by equilibration on a thermostatic bath. The pycnometer of 25 ml was previously calibrated with distilled water at each temperature.
Determination of Thermal Conductivity and Specific Heat
Thermal conductivity and specific heat at various temperatures and water contents were measured using the method described by Bellet et al. (1975) , based on a cylindrical cell, where the liquid whose properties are being determined fills the annular space between two concentric cylinders. The equipment, shown in Figure 1 , presented the following physical characteristics: -two coaxial copper cylinders (A and B), 220 mm length, separated by a 2 mm annular space, which was filled with the sample; -50 mm thick covers (C) made of a low thermal conductivity material (0.225 W/m.°C), to prevent axial heat transfer; -inner cylinder (A) containing a heater (D) made with a constantan wire (resistance 15 Q), electrically insulated by a varnish and coiled around a copper stick; -two thermocouples type T (E) to measure temperature differences between the two cylinders located at half-length of the cell. The wires were placed inside 0.5 mm gaps, parallel to the cell axis.
To keep the external temperature constant, the cell was immersed in a thermostatic bath (model MA-184, Marconi, Sao Paulo, Brazil) containing water. The power input to the heater resistance was made by means of a laboratory DC power supply (model MPS-3006D, Minipa, Sao Paulo, Brazil), which permitted to adjust the current with a stability of 0.05%. A HP data logger model 75.000-B, an interface HP-IB and a HP PC running a data acquisition program written in IBASIC monitored temperatures with an accuracy of 0.6°C. In the steady state, the solution of the Fourier equation in cylindrical coordinates, with boundary conditions corresponding to heat transfer between two concentric cylindrical surfaces kept at constant temperatures, permits to determine thermal conductivity of the sample. The specific heat can be measured with the same apparatus operating in the unsteady state. Details of the cell operation and calculations involved are described elsewhere (Telis-Romero et al., 1998; Bellet et al., 1975) . Calibration of the cell was performed with distilled water and glycerin. This permitted to calculate density (p') and specific heat (C p ') of the cell material (copper), which must be known in order to determine sample properties. The copper properties obtained by using water were 8890 kg/m 3 and 403.4 J/kg °C for density and specific heat, respectively. With glycerin, respective values were 8886 kg/m 3 and 406.6 J/kg °C. Experiments were made in order to check if these values were affected by temperature and results showed differences within a ± 2% range. Considering that differences were small, constant average values of p' and C p ' were adopted.
Measurement of Thermal Diffusivity
Thermal diffusivity was determined using the method proposed by Dickerson (1965) . The experimental apparatus consisted of a cylindrical cell (24.75 x 10" 3 m internal radius and 248.5 x 10" 3 m length) made of chromium plated brass with two nylon covers with thermal diffusivity of 1.09 x 10' 7 m 2 /s, which is similar to the most of liquid food products. Two thermocouples type T were fixed at the center and on the external surface of the cell. The cell was immersed in an well-agitated thermostatic bath (model MA-184, Marconi, Sao Paulo, Brazil) heated at a constant rate, and the evolution of temperatures at the wall and at the center of the cell was monitored. Temperatures were monitored employing the same data acquisition system used in thermal conductivity and specific heat measurements.
The calculations were based on the solution of the equation of energy conservation, considering unsteady state and constant unidimensional (radial) heat flux, described in details in previous work (Telis-Romero et al., 1998; Dickerson, 1965) . Data Analysis All statistical analysis were performed using the GLM procedure while fitted functions were obtained by using the REG procedure from the SAS statistical package (SAS, 1985) . The suitability of the fitted functions was evaluated by the coefficient of determination (r 2 ), the level of significance (p), and residual analysis.
RESULTS AND DISCUSSION
Specific heat, thermal conductivity, thermal diffusivity, and density of coffee extract at ten selected water content levels varying from 0.49 to 0.90 (wet basis) were determined at 30, 48, 65, and 82°C, adding up to 40 experimental values of each thermal property. The obtained data are presented in Figures 2 to 5 .
Experimental values of density shown on Figure 2 presented a very strong dependence on water content, decreasing as the solvent fraction in the solution was increased. The temperature dependence, however, showed to be less important. Polynomial functions, simultaneously dependent on temperature and water content were investigated in order to correlate experimental data. The best fit, resulting in a r 2 value of 0.981, is given by Equation 1. = 1422.57-451.98X w -0.16T (1) where p is the density of coffee extract (kg/m 3 ), X w the water content (mass of water/total mass), and T is the temperature (°C). A theoretical approach as the one proposed by Constenla et al. (1989) and based on a thermodynamic expression for the specific volume of a multicomponent solution, was also considered. This resulted in Equation 2, which gave a slight smaller value of r^ (0.967). In this case, the thermal effect on density is included in the value of pure water density, p w .
The specific heat of the coffee extract ( Figure 3 ) increased as water content was elevated from 0.49 to 0.90. Temperature rising was also responsible for higher values of specific heat. Experimental data could be well correlated by a linear function of temperature and water content given by Equation 3, which resulted in a coefficient of determination (r 2 ) of 0.993. C p = 1439.65 + 2633.72X V + 1.99T
where C p is the specific heat (J/kg °C). The correlation obtained was similar to that presented by Telis-Romero et al. (1998) for orange juice. Thermal conductivity increased with increasing water content, but the effect of temperature on the experimental values was not so well defined (Figure 4 ). Nevertheless, a linear dependence on concentration and temperature, represented by Equation 4, could well adjust the data with a r 2 value of 0.986.
where k is the thermal conductivity (W/m °C). Also an additive model, based on the apparent thermal conductivity and volume fraction of each component in the solution, presented by Constenla et al. (1989) , was tested in adjusting thermal conductivity of coffee extract. In this model, as in Equation 2, the effect of temperature is incorporated through the conductivity and density of pure water. The final correlation is given by Equation 5 and resulted in a coefficient of determination (r 2 ) of 0.923.
where k w is the thermal conductivity of pure water. The thermal diffusivity of the coffee extract increased at higher water contents and at higher temperatures, as shown in Figure 5 . An empirical model dependent on these two variables is presented as Equation 6, with a r 2 value of 0.944. cc = 7.92xl0~8+5.93xl0~8X w +0.0212xl0" 10 T
where a is the thermal diffusivity (m 2 /s). An alternative model for predicting thermal diffusivity is based on the expression developed by Riedel (1969) cited by Singh (1982) . The correlation considers the temperature effect by the inclusion of the thermal diffusivity of pure water, ct w . Equation 7 presents the best adjustment obtained (r 2 = 0.931).
() (7)
The constants in Equation 7 are a little different of the ones proposed by Riedel (1969) , but this could be explained by considering that it was originally developed based on experimental data of a miscellaneous of food products, including solids and semisolids. Thermal diffusivity can also be calculated according to its definition (Equation 8), what was done in this work by using the measured values of density, specific heat, and thermal conductivity. a = -.
pc p
The relative error between calculated and experimental thermal diffusivity, defined according Equation 9, showed that the calculated values were always lower than experimental ones ( Figure 5 ). The mean value of error was -11.35%, with a standard deviation, s, of 3.87%. The comparison of calculated and experimental data showed that greater errors occur at higher temperatures. This lead to the conclusion that as temperature increases convection inside the Dickerson's cell could cause superestimation of experimental thermal diffusivity.
A% error = (ot ca i -a exp ). 100/a exp (9)
CONCLUSIONS
The experimental results of this work showed that temperature and mainly water content have a strong influence on thermophysical properties of coffee extract. Theoretical and empirical models could be successfully adjusted to density, specific heat, thermal conductivity, and thermal diffusivity data. Equations 2, 3, 5, and 7 are recommended to estimate these properties for coffee extract in the range of 30 to 82°C and 49 to 90% of moisture content (wet basis).
